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The basic composition of a dye-sensitized solar cell (DSSC) involves semiconductor (usually TiO2), redox electrolyte, counter electrode, and sensitizer. The sensitizer, which is chemically adsorbed on the TiO 2 surface, is mainly responsible for the photoelectronic properties of the solar cell. Most of the researches are focused in the design of a sensitizer that can achieve the highest solar cell efficiency. As to date, Ru-based sensitizers are still the highest performing dye, with an efficiency reaching up to 11.4%, 1 followed closely by the organic-based sensitizers, with a highest efficiency of 10.3 %. 2 The basic structure of the dye contains a donor-(π-conjugated bridge)-acceptor (D-π-A) system, which should be properly tailored to attain desirable properties of the dye, such as the highest occupied molecular orbital (HOMO) must be located below the redox couple of the electrolyte and the lowest unoccupied molecular orbital (LUMO) is situated above the conduction band edge level of TiO 2 ; there should be an efficient unidirectional charge transfer between the donor and acceptor moiety; and the dye should be able to absorb most of the radiation of the solar light, especially at the visible and near-IR regions. 3 With the advent of new and faster computers, the theoretical design of a sensitizer could not only lead to faster optimization process but also drastically decrease the operational cost in the synthesis of such sensitizers. One of the parameters involved in the optimization of the dye is its ability to absorb light, thus it is necessary to accurately model the absorption spectrum of the dye by using proper theoretical methodology. Most of the excited state calculations involving DSSC sensitizers used timedependent density functional theory (TDDFT) with the B3LYP 4, 5 exchange-correlation (xc) functional. However, the performance of B3LYP and other currently used xc functionals do not correctly describe the distance coordinate (R) in the charge transfer (CT) state between the positive and negative charges at large distances from an atom or a molecule. 6, 7 This interaction decays faster than 1/R and is often ascribed to an electron-transfer selfinteraction error. 8, 9 These functionals fail to provide accurate estimations of excited state energies in molecules with extended π-conjugation and CT capability, features normally present in DSSC sensitizers. [6] [7] [8] [9] Researchers have used various methods to address these shortcomings, by applying an asymptotically corrected xc potential, 10 varying the percentage of Hartree-Fock exchange in the xc functionals, 11 using linear scaling techniques, 12, 13 or employing range-separated functionals, such as the long-range corrected (LC) functional [14] [15] [16] and Coulombattenuating methods. 17, 18 Among these methods, the range-separated functionals have attracted much attention since they exhibit the correct asymptotic distance dependence and removal of the spurious, low-energy CT states that usually contaminates the TDDFT calculations for those compounds having CT and extended π-conjugated properties. 6, 7 In this study, a comparison between the commonly used functional, B3LYP and the LC technique (LC-BLYP), introduced by Hirao and co-workers [14] [15] [16] were performed to test the effectivity of the LC functional in the calculation of excited state energies in TDDFT framework of β-substituted Zn porphyrin analogues ( Figure 1) . The difference between these two functionals is that, in the LC scheme, long-range electron-electron interactions were combined with the HF exchange integral, which was then divided into short-and long-range components. The pure density functional (i.e. BLYP) which was modified according to the LC scheme is defined as [14] [15] [16] ( )
where, ρ σ is the density of σ-spin electrons at a spatial point r, K σ contains the gradient correction as defined in the exchange functional used, a σ =
σ σ + , 12 1 2 r r r = − is the absolute distance between electrons at coordinate vectors r 1 and r 2 , ψ iσ is the ith σ-spin orthonormal molecular orbital, and ω is an adjustable damping parameter having units of inverse length which determines the balance of DFT and HF exchanges or the short-range and long-
In (ω) Excitation energy (eV) is the DFT correlation functional (LYP), The first term in eqn. 1 accounts for the short-range interaction, while the second term accounts for the long-range interaction. For ω = 0, it reproduces the original exchange functional. On the other hand, setting ω = ∞, results to the standard HF calculation. In contrast to the LC technique, the B3LYP functional simply mixes the conventional exchange functional and the HF exchange at a fixed ratio, independent of electron-electron distances. 15 The damping parameter in the LC scheme is dependent on the type of electronic structure. For example, in coumarin, anthracene, and pyridazine analogues, the optimized damping parameter ranges from 0.17 to 0.20 Bohr -1 , while for smaller molecules such as carbon monoxide and acetaldehyde the damping parameter reaches up to 0.90 Bohr . 19, 20 To find the appropriate damping parameter for the molecules in consideration, we simulate the ω-dependence of the singlet-singlet vertical excitation energy of the maximum oscillator strength of ZCA-2 with a damping parameter range of 0.15 ≤ ω ≤ 0.47 Bohr -1 .
As shown on Figure 2 , the excitation energies undergoes a hypsochromic shift when the damping parameter was increased. Based on the graph obtained in Figure 2 , we used the equation of the line (Excitation energy = ln(ω)0.447 + 3.457) to estimate the appropriate damping parameter given the experimental λmax of the system which is 2.66 eV 21 of ZCA-2. It gave a damping parameter of 0.17 Bohr -1 which enables the short-range coulomb operator to fully decay to zero on the length scale of the molecule. 19 For the rest of the molecules, a damping parameter of 0.17 Bohr -1 in the LC scheme was used to calculate the excited state energies.
The computed vertical excitation energies together with their oscillator strengths using LC-BLYP xc functionals are shown in Tables S1-S4 (supplementary information). It shows that the LC-BLYP and the B3LYP xc functionals reproduced qualitatively the expected trend that the excitation energies decreases as the degree of π-conjugation increases. The close analogy between the excited state energies of ZMA-1 and ZMA-2 confirms that the substitution of a methyl group at the para-position of the meso-phenyl rings of the porphyrin macrocycle has minimal effect on the band positions. Nevertheless, the substitution caused the excited state energies to be slightly red-shifted confirming the increased electron donating capacity of ZMA-2 than ZMA-1. 22, 23 A comparison between different acceptor moieties having the same donor and linker groups shows that, for both functionals, a large bathochromic shift was observed for the analogue containing cyanoacetic acid (ZCA-2) when compared to the analogue with malonic acid as the acceptor moiety (ZMA-1). The large bathochromic shift was likely due to the higher electron-withdrawing capability of the cyanoacetic acid than malonic acid. 23 Typically, porphyrins absorb strongly in the visible range of 400 -700 nm, which is divided into two main distinct bands: the single intense Soret (B)-band (400 -450 nm) and the multiple weak Q-bands (500 -700 nm). The contributing molecular orbital (MO) transitions at these bands, for the analogues in consideration, arises from π-π* transitions involving four molecular orbitals as predicted by Gouterman. 24 Figure 3 shows the electronic states responsible for the singlet excitations involving the four MOs (HOMO-1, HOMO, LUMO, and LUMO+1) of Zn tetraphenylporphyrin (ZnTPP) and the β-substituted Zn tetraarylporphyrins. The change of the electronic structure when ZnTPP was added with a β-substituent introduces only very minimal effect of MOs of the porphyrin macrocycle. The results showed that the shapes of the electron densities of the β-substituted porphyrin for the four-molecular orbitals are very similar to ZnTPP, which one could infer that the MOs of the β-substituted porphyrins are derived from the MOs of ZnTPP. 22 could help assign the transition states of the β-substituted system to provide a simple interpretation of the Zn porphyrin spectra based on Gouterman's four-orbital model. The Q y state would mostly undergoes a HOMO → LUMO transition, while a HOMO-1 → LUMO transition would be observed for a Q x state. The B-band region, though mostly seen as one peak, is a combination of two intense perpendicularly polarized electronic transitions (B x and B y ) which was confirmed from polarization measurements. 25 The B x and B y states usually undergo HOMO → LUMO+1 and HOMO-1 → LUMO+1 transitions, respectively (see supplementary information for the MO assignment of the transition states). It should be noted that the existence of a relative mixing of these four orbitals in each transition, including a strong contribution of LUMO+2 orbital at the B-band region, could influence the oscillator strengths and energy states of the analogues. The relative position of the transition states based on the energy levels in Figure 3 could be generally arranged in a decreasing energy pattern of B y > B x > Qx > Qy. Figure 4 illustrates schematically the resulting positions and corresponding states of the transitions energies of zinc porphyrin analogues using B3LYP and LC-BLYP xc functionals. The calculation of LC-BLYP was done with a 0.17 Bohr -1 damping parameter. As observed in Figure 4 , the correlations between the experimental 21, 26 and theoretical approach using the different xc functionals were dependent on specific band regions of the porphyrin analogues. Nevertheless, both xc functionals depicted the correct trend of transitions states (By > Bx > Q x > Q y ) except for ZCA-1 calculated with B3LYP xc functional, where it places the B y state lower in energy than the B x state.
Analysis of the individual transition states indicated that for the Q y -band, the long-range functional deviates from the experimental values by 0.10 eV for ZCA-1 and about 0.07 eV for the analogues with extended π-conjugation (ZCA-2, ZMA-1, and ZMA-2), whereas smaller deviations of 0.01 to 0.04 eV were observed for the B3LYP functional for all analogues. This shows that the LC-BLYP approach was more sensitive to those analogues with extended π-conjugation but still overestimated the excitation energies compared to the B3LYP values. As for the Qx-band, the differences between the LC-BLYP and the B3LYP functionals were negligible compared to experimental results.
The two intense, polarized transitions at the B-band were properly depicted for both xc functionals, however the amount of splitting between these transitions are dependent with the xc functional used (Figure 4) . Splitting values of about 0.10 and 0.25 eV were observed for ZCA-1 and for those analogues with extended π-conjugation (ZCA-2, ZMA-1, and ZMA-2), respectively, when calculated with the long-range functional. However, when the B3LYP xc functional was used, a 0.02 eV splitting value was observed for ZCA-1, while the average splitting value for the analogues with extended π-conjugation was at 0.55 eV. The very small splitting value observed for ZCA-1 when calculated with the B3LYP functional could be due to the spurious positioning of the B y transition that was situated lower than the Bx transition as mentioned above. And the reason for the larger splitting between the B-band transitions when analogues were calculated with the B3LYP xc functional was the existence of multiple lower intensity transitions between the B x and B y transitions. Analysis of the MO orbitals involved in the lower intensity states gave transitions of HOMO-2 → LUMO and HOMO-3 → LUMO that were often assigned to the N-band which is usually located higher in energy than the B-band. 27 This mixing was also observed with other porphyrin analogues with a D-π-A system using the TD-B3LYP method. 6 This greatly affects the quality and accuracy of the calculated B-band transition energies when compared to experimental results. When calculating the amount of difference between the experimental and theoretical results at the B-band region, where the two B-band transitions were calculated based on a weighted mean procedure, it was found that when dealing with extended π-conjugated molecules, LC-BLYP provided a more consistent deviation from the experimental data ranging from 0.01 eV to 0.07 eV, however B3LYP produces deviations of up Notes to 0.23 eV. For the ZCA-1 analogue, the B3LYP xc functional provided a closer correlation a difference of 0.01 eV compared to 0.15 eV for LC-BLYP. However, the discrepancy on the position of the By component also needs to be taken into account. This clearly shows that a more realistic depiction of the excitation energies at the B-band were observed when the energies are calculated with the long-range corrected functional than the common hybrid functional (B3LYP).
In conclusion, for low-lying transition states (Q-bands), the B3LYP xc functional provides a better correlation with the experimental results. But, LC-BLYP and B3LYP produced the same trend in excitation energies, with the LC-BLYP only slightly blue-shifted compared to the B3LYP xc functional. However, at the B-band region, due to the mixing of the N-bands between the two B-band transitions in B3LYP calculations, the LC-BLYP xc functional provides a better choice in the calculation of excited state energies of porphyrin analogues, especially those containing extended π-conjugation. Overall, taking into account the errors of the B3LYP functional at the B-band region, the LC-BLYP xc functional gave a better depiction of the excitation energies of the sensitizers for dye-sensitized solar cells, especially for extended π-conjugated analogues.
Computational Details
The ground state geometries of ZCA-1, ZCA-2, ZMA-1, and ZMA-2 optimized at B3LYP/6-31G(d) in vacuo were recovered from references 22 and 23. The lowest 10 singlet excitation energies were computed based on TDDFT formalism using B3LYP and LC-BLYP functionals with 6-31G(d) basis set. The effect of solvation was considered using conductor-like polarized continuum model (CPCM) framework. 28, 29 Tetrahydrofuran (THF) and N,N-dimethylformamide (DMF) were used as solvents for ZCA and ZMA analogues, respectively. TD-B3LYP results from the references were not used due to the differences in the default model type and dielectric constants used in the CPCM calculations in Gaussian 09 giving slight differences in values. The use of the same theoretical parameters in CPCM calculations also provides consistencies in the analysis of results when compared to LC-BLYP calculations.
All TDDFT calculations were done using Gaussian 09 package. 30 The contributions of the excited state configurations to each transitions were calculated using SWizard program. 31 
